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(57) Abstract 

The present invention provides rnicrofluidic 
devices that comprise a body structure (100) com- 
prising at least a first microscale channel network 
(114) disposed therein. The body structure (100) 
has a plurality of ports (106) disposed in the body 
structure (100), where each port (106) is in fluid 
communication with one or more channels (114) 
in the first channel network- The devices also in- 
clude a cover layer (200) comprising a plurality of 
apertures (206) disposed through the cover layer 
(200). The cover layer (200) is mated with the 
body structure (100) whereby each of the apertures 
(206) is aligned with a separate one of the plurality 
of ports (106). 
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5 MICROFLUIDIC DEVICES AND SYSTEMS INCORPORATING COVER LAYERS 



10 BACKGROUND OF THE INVENTION 

As has been the case in the electronics and computer industries, trends in 
analytical chemical and biochemical instrumentation have been toward miniaturization. In 
chemical and biochemical analyses, such miniaturization as achieved in e.g., microfluidic 
systems, provides numerous advantages, including significantly smaller reagent 

1 5 requirements, faster throughput, ready automatability, and in many cases, improved data. 

By way of example, U.S. Patent Nos. 5,498,392 and 5,587,128 describe the 
performance of amplification reactions in microfabricated devices including microscale 
flow systems and/or reaction chambers. Such systems substantially reduce the requirements 
for expensive reagents utilized in amplification reactions. Further, the small scale of these 

20 devices also provides for enhanced thermal transfer between heating sources and the 
reagents in the device. 

Similarly, U.S. Patent No. 5,637,469 describes the use of devices having 
extremely small internal dimensions for detecting an analyte in a sample via a binding 
assay. Again, the small scale of such devices provides advantages in terms of small reagent 

25 volumes. 

Commonly owned Published International Application No. WO 98/00231 
describes the use of microfluidic devices and systems in the performance of high- 
throughput screening assays. Again, these systems reduce the required volumes of 
potentially very expensive test compounds, e.g., drug candidates, library compounds, etc. 
30 Despite the numerous advantages realized by the miniaturization of 

analytical systems, such miniaturization can provide difficulties in the use of such systems, 
including user handling and system interfacing of such devices. 

It would therefore be desirable to provide microfluidic devices that capture 
the advantages associated with extremely small volumes and dimensions, without the 
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problems associated with such small-scale devices. The present invention meets these and a 
variety of other needs. 

SUMMARY OF THE INVENTION 
It is a general object of the present invention to provide microfluidic devices 
5 that combine the advantages of micro fluidics with improved material handling 

characteristics and reduced costs for manufacturing. The present invention accomplishes 
this in a first aspect, by providing microfluidic devices that incorporate a body structure 
comprising at least a first microscale channel network disposed therein. The body structure 
has a plurality of ports disposed in it, where each port is in fluid communication with one or 
10 more channels in the first channel network. The devices also include a cover layer 

comprising a plurality of apertures disposed therethrough. The cover layer is mated with 
the body structure whereby each of the apertures is aligned with a separate one of the 
plurality of ports. 

In preferred aspects, each of the body structure and the cover layer separately 
15 comprises at least a first surface. The plurality of ports in the body structure are disposed in 
the first surface of the body structure, and the plurality of apertures in the cover layer are 
disposed in the first surface of the cover layer. The first surface of the cover layer is mated 
to the first surface of the body structure such that the apertures align with and are in fluid 
communication with the ports. In further preferred aspects, the cover layer is fabricated 
20 from a polymeric material, and is preferably an injection molded polymeric part. 

In a related aspect, the present invention provides a microfluidic system that 
includes a microfluidic device in accordance with the present invention, where the device is 
further mounted on a controller/detector apparatus that is configured to receive the 
microfluidic device. The controller/detector apparatus comprises an optical detection 
25 system and a material transport system, where the detection system and transport system are 
operably interfaced with the microfluidic device when the device is mounted on the 
controller/detector. 

BRIEF DESCRIPTION OF THE FIGURES 
30 Figure 1 schematically illustrates a microfluidic device body structure that 

incorporates a planar layered structure. 

Figures 2A-E illustrate from a number of perspectives an embodiment of a cover layer for 
incorporation in a microfluidic device in accordance with the present invention. 
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Figure 2F illustrates the interaction of a filling device with the micro fluidic 
devices of the invention. 

Figure 3 A illustrates a fully assembled microfluidic device that includes the 
layered body structure of Figure 1 and the cover layer of Figure 2 mated together. Figure 
5 3B illustrates an alternate mechanism for joining the body structure to the cover layer in the 
fully assembled device. 

DETAILED DESCRIPTION OF THE INVENTION 

I. General 

10 The present invention generally provides microfluidic devices that take 

advantage of the extremely small-scale nature of microfluidic devices and systems, while at 
the same time, not suffering from some of the potential problems associated with such 
systems. In particular, the microfluidic devices and systems of the invention include an 
additional cover layer as a portion of the microfluidic device, e.g., overlaying and attached 

15 to the basic body structure of the device. The cover layer employed in the devices of the 
invention typically comprises a number of apertures disposed through it, which apertures 
mate with and/or form part of the reservoirs and/or access ports of the microfluidic device. 
These cover layers provide a number of advantages in the operation and fabrication of 
microfluidic devices. 

20 As used herein, the terms "microscale," "microfabricated" or "microfluidic" 

generally refer to one or more fluid passages, chambers or conduits which have at least one 
internal cross-sectional dimension, e.g., depth, width, length, diameter, etc., that is less than 
500 |im, and typically between about 0. 1 \im and about 500 ^m. In the devices of the present 
invention, the microscale channels or chambers preferably have at least one cross-sectional 

25 dimension between about 0. 1 |im and 200 ^im, more preferably between about 0. 1 \xm and 
100 jxm, and often between about 0.1 jim and 20 \xm. Accordingly, the microfluidic devices 
or systems prepared in accordance with the present invention typically include at least one 
microscale channel, usually at least two intersecting microscale channels, and often, three or 
more intersecting channels disposed within a single body structure. Channel intersections 

30 may exist in a number of formats, including cross intersections, "T" intersections, or any 
number of other structures whereby at least two channels are in fluid communication. 

The body structure of the microfluidic devices described herein can take a 
variety of shapes and/or conformations, provided the body structure includes at least one 
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microfluidic channel element disposed within it. For example, in some cases the body 
structure has a tubular conformation, e.g., as in capillary structures, such as fused silica or 
polymeric capillaries that include internal diameters in the microscale range, set forth above. 
Alternatively, body structures may incorporate non-uniform shapes and/or conformations, 
5 depending upon the application for which the device is to be used. In preferred aspects, the 
body structure of the microfluidic devices incorporates a planar or "chip" structure. 

Although in some cases, a single piece body structure, e.g., a capillary, may be 
used, the devices described herein typically comprise an aggregation of two or more separate 
layers which when appropriately mated or joined together, form the body structure of the 

10 microfluidic device of the invention, e.g., containing the channels and/or chambers described 
herein. Typically, the microfluidic devices described herein will comprise a top portion, a 
bottom portion, and an interior portion, wherein the interior portion substantially defines the 
channels and chambers of the device. 

Figure 1 illustrates one example of the body structure of a microfluidic device 

15 that incorporates a planar, layered structure. As shown, the body structure 100 includes at 
least two layers, an upper layer 102 and a lower layer 110. The upper surface 1 12 of the 
lower layer 1 10 is fabricated to include grooves and/or wells 1 14. The lower surface 104 of 
the upper layer 102 is then mated to the upper surface 1 12 of the lower layer 110 such that the 
grooves and/or channels define channels or conduits, and chambers within the interior of the 

20 aggregate body structure. 

A variety of substrate materials may be employed as the bottom portion. 
Typically, because the devices are microfabricated, substrate materials will be selected based 
upon their compatibility with known microfabrication techniques, e.g., photolithography, wet 
chemical etching, laser ablation, reactive ion etching (RIE), air abrasion techniques, injection 

25 molding, LIGA methods, metal electro forming, embossing, and other techniques. Suitable 
substrate materials are also generally selected for their compatibility with the full range of 
conditions to which the microfluidic devices may be exposed, including extremes of pH, 
temperature, salt concentration, and application of electric fields. Accordingly, in some 
preferred aspects, the substrate material may include materials normally associated with the 

30 semiconductor industry in which such microfabrication techniques are regularly employed, 
including, e.g., silica based substrates, such as glass, quartz, silicon or polysilicon, as well as 
other substrate materials, such as gallium arsenide and the like. In the case of 
semiconductive materials, it will often be desirable to provide an insulating coating or layer, 
e.g.', silicon oxide, over the substrate material, and particularly in those applications where 
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electric fields are to be applied to the device or its contents. In preferred aspects, the 
substrates used to fabricate the body structure are silica-based, and more preferably glass or 
quartz, due to their inertness to the conditions described above, as well as the ease with which 
they are microfabricated. 
5 In alternate preferred aspects, the substrate materials comprise polymeric 

materials, e.g., plastics, such as polymethylmethacrylate (PMMA), polycarbonate, 
polytetrafluoroethylene (TEFLON™), polyvinylchloride (PVC), polydimethylsiloxane 
(PDMS), polysulfone, polystyrene, polymethylpentene, polypropylene, polyethylene, 
polyvinylidine fluoride, ABS (acrylonitrile-butadiene-styrene copolymer), and the like. Such 

10 polymeric substrates are readily manufactured using available micro fabrication techniques, as 
described above, or from microfabricated masters, using well known molding techniques, 
such as injection molding, embossing or stamping, or by polymerizing the polymeric 
precursor material within the mold (See U.S. Patent No. 5,512,131). Again, such polymeric 
substrate materials are preferred for their ease of manufacture, low cost and disposability, as 

15 well as their general inertness to most extreme reaction conditions. Again, these polymeric 
materials may include treated surfaces, e.g., derivatized or coated surfaces, to enhance their 
utility in the microfluidic system, e.g., provide enhanced fluid direction, e.g., as described in 
U.S. Patent Application Serial No. 08/843,212, filed April 14, 1997 (Attorney Docket No. 
17646-002610), and which is incorporated herein by reference in its entirety for all purposes. 

20 In the embodiment shown, the upper layer 102 of the body structure 100, 

includes a plurality of ports 106 disposed through it. These ports are positioned to 
communicate with specific points of the channels or grooves 114, e.g., the termini, in the 
aggregate body structure when the upper and lower layers are mated. The ports 106 function 
to provide fluid access to the channels of the device, and in certain aspects, electrical access to 

25 the channels within the body structure. 

In many embodiments, the microfluidic devices include an optical detection 
window 1 16 disposed across one or more channels and/or chambers of the device. Optical 
detection windows are typically transparent such that they are capable of transmitting an 
optical signal from the channel/chamber over which they are disposed. Optical detection 

30 windows may merely be a region of a transparent layer of the body structure, e.g., where the 
layer is glass or quartz, or a transparent polymer material, e.g., PMMA, polycarbonate, etc. 
Alternatively, where opaque substrates are used in manufacturing the devices, transparent 
detection windows fabricated from the above materials may be separately manufactured into 
the device. 
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Micro fluidic devices may be used in a variety of applications, including, e.g., 
the performance of high throughput screening assays in drug discovery, immunoassays, 
diagnostics, genetic analysis, and the like. As such, the devices described herein, will often 
include multiple sample introduction ports or reservoirs, for the parallel or serial 
5 introduction and analysis of multiple samples. Alternatively, these devices may be coupled 
to a sample introduction port, e.g., a pipettor, which serially introduces multiple samples 
into the device for analysis. Examples of such sample introduction systems are described in 
e.g., U.S. Patent Application Nos. 08/761,575 and 08/760,446 (Attorney Docket Nos. 
17646-000410 and 17646-000510, respectively) each of which was filed on December 6, 

10 1996, and is hereby incorporated by reference in its entirety for all purposes. 

In preferred aspects, the microfluidic devices of the present invention utilize 
electrokinetic material transport systems to direct and transport materials through the 
channels of the device. As used herein, "electrokinetic material transport" generally refers 
to systems and methods for transporting and directing materials within an interconnected 

15 channel and/or chamber containing structure, through the application of electrical fields to 
the materials, thereby causing material movement through and among the channels and/or 
chambers, i.e., cations will move toward the negative electrode, while anions will move 
toward the positive electrode. 

Such electrokinetic material transport and direction systems include those 

20 systems that rely upon the electrophoretic mobility of charged species within the electric 
field applied to the structure. Such systems are more particularly referred to as 
electrophoretic material transport systems. Other electrokinetic material direction and 
transport systems rely upon the electroosmotic flow of fluid and material within a channel 
or chamber structure, either alone, or in conjunction with the electrophoretic forces 

25 previously described, which electroosmotic flow results from the application of an electric 
field across such structures. In brief, when a fluid is placed into a channel which has a 
surface bearing charged functional groups, e.g., hydroxyl groups in etched glass channels or 
glass microcapillaries, those groups can ionize. In the case of hydroxyl functional groups, 
this ionization, e.g., at neutral pH, results in the release of protons from the surface and into 

30 the fluid, producing a concentration of protons near the fluid/surface interface, and creating 
a positively charged sheath surrounding the bulk fluid in the channel. Application of a 
voltage gradient across the length of the channel, causes the proton sheath to move in the 
direction of the voltage drop, i.e., toward the negative electrode. Flow in the opposite 
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direction is achieved by either reversing the voltage gradient, or by providing a channel 
bearing positively charged ionizable groups, e.g., amino groups, etc. 

"Controlled electrokinetic material transport and direction," as used herein, 
refers to electrokinetic systems as described above, which employ active control of the 
5 voltages applied at multiple, i.e., more than two, electrodes. Rephrased, such controlled 
electrokinetic systems concomitantly regulate voltage gradients applied across at least two 
intersecting channels. Controlled electrokinetic material transport is described in Published 
PCT Application No. WO 96/04547, to Ramsey, which is incorporated herein by reference 
in its entirety for all purposes. In particular, the preferred microfluidic devices and systems 

10 described herein, include a body structure which includes at least two intersecting channels 
or fluid conduits, e.g., interconnected, enclosed chambers, which channels include at least 
three unintersected termini. The intersection of two channels refers to a point at which two 
or more channels are in fluid communication with each other, and encompasses "T" 
intersections, cross intersections, "wagon wheel" intersections of multiple channels, or any 

15 other channel geometry where two or more channels are in such fluid communication. An 
unintersected terminus of a channel is a point at which a channel terminates not as a result 
of that channel's intersection with another channel, e.g., a M T" intersection. In preferred 
aspects, the devices will include at least three intersecting channels having at least four 
unintersected termini. In a basic cross channel structure, where a single horizontal channel 

20 is intersected and crossed by a single vertical channel, controlled electrokinetic material 

transport operates to controllably direct material flow through the intersection, by providing 
constraining flows from the other channels at the intersection. For example, assuming one 
was desirous of transporting a first material through the horizontal channel, e.g., from left to 
right, across the intersection with the vertical channel. Simple electrokinetic material flow 

25 of this material across the intersection could be accomplished by applying a voltage gradient 
across the length of the horizontal channel, i.e., applying a first voltage to the left terminus 
of this channel, and a second, lower voltage to the right terminus of this channel, or by 
allowing the right terminus to float (applying no voltage). However, this type of material 
flow through the intersection would result in a substantial amount of diffusion at the 

30 intersection, resulting from both the natural diffusive properties of the material being 
transported in the medium used, as well as convective effects at the intersection. 

In controlled electrokinetic material transport, the material being transported 
across the intersection is constrained by low level flow from the side channels, e.g., the top 
and bottom channels. This is accomplished by applying a slight voltage gradient along the 
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path of material flow, e.g., from the top or bottom termini of the vertical channel, toward the 
right terminus. The result is a "pinching" of the material flow at the intersection, which 
prevents the diffusion of the material into the vertical channel. The pinched volume of 
material at the intersection may then be injected into the vertical channel by applying a 
5 voltage gradient across the length of the vertical channel, i.e., from the top terminus to the 
bottom terminus. In order to avoid any bleeding over of material from the horizontal 
channel during this injection, a low level of flow is directed back into the side channels, 
resulting in a "pull back" of the material from the intersection. 

In addition to pinched injection schemes, controlled electrokinetic material 

10 transport is readily utilized to create virtual valves which include no mechanical or moving 
parts. Specifically, with reference to the cross intersection described above, flow of 
material from one channel segment to another, e.g., the left arm to the right arm of the 
horizontal channel, can be efficiently regulated, stopped and reinitiated, by a controlled flow 
from the vertical channel, e.g., from the bottom arm to the top arm of the vertical channel. 

15 Specifically, in the 'off mode, the material is transported from the left arm, through the 
intersection and into the top arm by applying a voltage gradient across the left and top 
termini. A constraining flow is directed from the bottom arm to the top arm by applying a 
similar voltage gradient along this path (from the bottom terminus to the top terminus). 
Metered amounts of material are then dispensed from the left arm into the right arm of the 

20 horizontal channel by switching the applied voltage gradient from leftrtop, to left:right. The 
amount of time and the voltage gradient applied dictates the amount of material that will be 
dispensed in this manner. 

In particularly preferred aspects, electrokinetic material transport is 
controlled through the application of appropriate currents through the channels of the 

25 system, in order to propagate material movement therethrough. The use of current control 
in electrokinetic material transport systems is described in detail in commonly owned U.S. 
Patent Application No. 08/678,436, filed My 3, 1996, and Published PCT Application No. 
98/00707, both of which are incorporated herein by reference. In brief, in electrokinetic 
material transport systems, the relative potentials at the intersections of the channels dictates 

30 the direction and velocity of material movement at those intersections. Control of these 
potentials has typically relies upon the calculation of applied voltages based upon the 
desired potential at the intersections and the resistance of the channel between the 
intersection and the electrodes at which voltages are applied. By monitoring and controlling 
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the current, the potential at the intersection is maintained at the desired level, and the 
applied voltages are self-regulating. 

Although described for the purposes of illustration with respect to a four 
way, cross intersections, these controlled electrokinetic material transport systems can be 
5 readily adapted for more complex interconnected channel networks, e.g., arrays of 
interconnected parallel channels. 

A. Physical and Electrical Isolation of Reservoirs/Ports 

As noted previously, in the design and fabrication of microfluidic systems, 
and underlying goal is to miniaturize the entire system. This is typically done either to 
10 reduce volume, increase the speed of the operation, or multiplex the particular operation, 
e.g., incorporate multiple operations within the same unit space occupied by the device. In 
accomplishing these goals, however, the channel networks that effectively define the 
functional space of a given microfluidic system become much smaller. As a result of 
smaller channel networks, or more complex networks being incorporated into the same unit 
15 space, the access points for these channel networks, e.g., reservoirs, electrical access ports 
and the like, are drawn closer and closer together. 

As these access ports are drawn closer together, it becomes more difficult to 
practically isolate one port from another. For example, where the access ports are used to 
introduce fluids into the channel networks of the system, the closer the ports are together or 
20 the smaller they become, the more difficult it becomes to introduce fluid volumes separately 
into different ports. This is true for manual introduction of fluids, e.g., using a pipettor, as 
well as automatic methods, e.g., using robotic fluid handling systems. 

In a similar problem, as access ports are placed closer together, it also 
becomes more difficult to isolate those ports electrically. This is of particular importance in 
25 microfluidic systems that utilize electrical systems operably coupled to the channel 

networks, such as in electrical sensing systems, e.g., amperometric, potentiometric, etc., 
and/or electrokinetic material transport that are used for transport of materials through the 
channel networks, as described above. In particular, where the ports of the system are used 
for electrical access, the possibility of bridging currents, or "shorts," between two or more 
30 adjacent or at least proximal electrodes increases, e.g., across the surface of the device as a 
result of fluids, dirt or oils deposited on the surface of the device. 

The present invention generally addresses these problems by providing 
microfluidic devices that include a cover layer that provides an effective barrier between 
neighboring reservoirs, to prevent fluid and/or electrical links from forming between 
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neighboring electrodes. The barrier optionally includes a ridge around each of the 
reservoirs, e.g., an annular ridge surrounding a circular reservoir. The ridge has the effect 
of preventing fluid 'spill-over* from one well entering into another adjacent well. Similarly, 
the ridge effectively creates a longer path length across which any electrical bridging 
5 current, e.g., short circuit, must travel. Typically, these ridges extend at least 0. 1 mm from 
the surface of the cover layer, preferably, at least 1 mm and in some cases, at least 2 mm or 
more, from the upper surface of the cover layer. In many cases, the barrier, e.g., as 
provided by the ridge structure, will increase the effective path length between neighboring 
wells by at least 1.5X, preferably at least 2X, and often at least 3-5X over that provided by 

10 the reservoirs in the body structure, alone. 

The use of separate or integrated holding structures for microfluidic devices 
is described in commonly owned Provisional Patent Application No. 08/906,441, filed 
August 5, 1997, and incorporated herein by reference in its entirety for all purposes. 

In addition to providing an effective barrier between neighboring reservoirs, 

15 in some cases, the upper surface comprises a hydrophobic material to prevent 

deposition/aggregation of fluids on that surface which might physically or electrically 
contaminate neighboring reservoirs. In such cases, a hydrophobic material, e.g., a polymer, 
is coated on the surface of the cover layer. Preferably, however, and as described in greater 
detail below, the cover layer itself is fabricated from a hydrophobic polymer material. 

20 B. Increased Volume Capacity of Reservoirs 

The cover layer component of the microfluidic devices of the present 
invention also provides the .capability to increase the volume capacity of the reservoirs of 
those devices. In particular, the apertures disposed in the cover layer can increase the total 
depth of the fluid reservoirs of the device by extending those reservoirs. While fluid 

25 volume is not a critical limitation in many microfluidic applications, there are some 

instances where substantial variations in fluid volume from, e.g., evaporation, can have an 
effect on a particular operation. This is typically due to concentration of one or more 
solutes within the fluids, e.g., salts, enzymes, etc. By increasing the fluid volume capacity 
of the reservoirs, one can substantially mitigate any effects resulting from a partial 

30 evaporation of fluids by reducing the percentage of evaporation. 

Typically, the apertures disposed in the cover layer add to the depth of the 
reservoirs in the body structure. In doing so, the apertures are typically at least 1 mm deep, 
preferably at least 2 mm deep, and often at least 5 mm deep. This typically results in 
reservoirs in the overall device, e.g., from the combination of the ports in the body structure 
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and the apertures in the cover layer, having volumes of at least 5 preferably at least 10 
fil, more preferably at least 20 fil, often at least 50 |il, and in some cases, at least 100 In 
any event, the volume of the reservoirs of the overall device will typically fall in the range 
between about 1 and about 200 preferably between about 2 and 100 more preferably 
5 between about 5 and about 100 and still more preferably, between about 5 and 50 

HI. Fabrication of Cover Layers 

The cover layer aspect of the microfluidic devices described herein may 
generally be fabricated from any of a number of different materials using a number of 

10 different methods. For example, the materials and methods described above in the 
manufacture of the microfluidic elements of the device may also be employed in the 
manufacture of the cover layer. While these methods are effective, in preferred aspects, 
more conventional manufacturing techniques are used to produce the cover layer. In 
particular, because the cover layer does not need to be manufactured to the tolerances of the 

1 5 microfluidic elements of the devices of the invention, they can generally be manufactured 
using less precise and less expensive or time consuming methods and from less costly 
materials. 

For example, in a layered microfluidic device fabricated from two glass 
layers, fabrication of the ports or reservoirs in one layer, e.g., by drilling or air abrasion 

20 techniques, can take a substantial amount of time. Further, the amount of time required for 
such fabrication increases in a non-linear, e.g., exponential, fashion with increasing 
substrate thickness. Conversely, reduction of substrate thickness reduces the amount of 
time required to fabricate the reservoirs, in an exponential fashion. Because a portion of the 
volume of the reservoirs in the final microfluidic device is optionally supplied by the cover 

25 layer element, the substrate layers used to fabricate the body structure of the microfluidic 
device can be substantially thinner. Specifically, less of the total desired volume of the 
reservoir is a function of substrate thickness. As a result, fabrication time and cost 
associated with the manufacturing of reservoirs in the body structure are substantially 
reduced. 

30 Typically, the cover layer comprises an injection molded polymeric or plastic 

part, fabricated from any of a number of different manufacturable plastics. For example, the 
cover layer is typically fabricated from any of the polymeric materials described above for 
fabricating the body structure of the microfluidic device, e.g., polymethylmethacrylate 
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(PMMA), polycarbonate, polytetrafluoroethylene (TEFLON™), polyvinylchloride (PVC), 
polydimethylsiloxane (PDMS), polysulfone, polystyrene, polymethylpentene, 
polypropylene, polyethylene, polyvinylidine fluoride, ABS, and the like. In alternate 
aspects, the cover layer is optionally fabricated from non-polymeric materials, e.g., silica- 
5 based substrates, such as glass, quartz, silicon, as well as ceramics or metals. 

Attachment of the cover layer to the body structure of the device is also 
typically accomplished by well known methods, including adhesive bonding, ultrasonic 
welding, solvent welding, thermal bonding, and the like. In preferred aspects, the cover 
layer is attached to the body structure of the device using an adhesive material, and more 

10 preferably, U.V. curable adhesives are used to join the cover layer with the body structure. 
Such adhesives are generally commercially available, e.g., from 3M Corporation. In 
particularly preferred aspects, the selected adhesive is electrically insulating, e.g., 
nonconductive, non-soluble and/or non-leaching in application buffers, low fluorescing, and 
the like. Further, preferred adhesives include, e.g., Norland 65 and Dymax A, commercially 

15 available from Norland Corp. (New Jersey), and Dymax Corp. (Massachusetts), 

respectively. In some cases, where additional long-term adhesion is desired, e.g., for 
storage, and where glass substrates are used, the surface of the glass may be further treated 
in order to provide better adhesive properties. For example, the surface of the glass 
substrate may be silanized using, e.g., a bifiinctional silane, such as 3- 

20 aminopropyltriethoxysilane, which provides a covalent interaction between the adhesive 
and the glass substrate. 

In alternate aspects, the body structure is attached to the cover layer via a 
clamping mechanism. In such aspects, an optional flexible gasket, e.g., latex, silicone, etc., 
is placed between the upper surface of the body structure and the lower surface of the cover 

25 layer. The body structure is then compressively clamped against the cover layer forming a 
sealed, joined structure. Suitable clamping mechanisms may be separate from the body 
structure/cover layer assembly, i.e., screw clamps, clip-style clamps, e.g., that clamp the 
edges of the body structure and cover layer, and the like. Alternatively, integrated clamping 
mechanisms are provided as a portion of the cover layer, into which the body structure is 

30 snapped. Such clamping systems are described in greater detail below, with reference to 
Figure 3B. 
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IV. Illustrated Embodiment 

One aspect of the cover layer used in conjunction with the microfluidic 
devices of the present invention is shown in Figure 2, from the top (Fig. 2A), side (Fig. 2B), 
bottom (Fig. 2C), top perspective (Fig. 2D) and bottom perspective views (Fig. 2E). As 
5 shown, the cover layer 200 is planar in shape having an upper planar surface 202 and a 
lower planar surface 204. Also included are a plurality of apertures 206 disposed through 
the cover layer, e.g., from the upper to lower planar surfaces. Apertures 206 are positioned 
within the cover so as to align with ports/reservoirs in the body structure of a microfluidic 
device (e.g., as shown in Figure 1) when that body structure is mated to the lower planar 

1 0 surface 204 of cover layer 200. 

As shown, the apertures 206 in cover layer 200 are provided in a gridded 
pattern to match a similar gridded pattern of ports on the body structure of the device. 
Typically, the gridded arrangement of apertures and ports (collectively, reservoirs) are 
positioned on regular centers, e.g., 9 mm, 4.5 mm etc., to match the spacing of typical 

15 multi-well plates, e.g., 96-well, 384-well, 1536-well, etc. 

As shown, an annular ridge 208 is provided on the upper surface 202 of the 
cover layer 200, surrounding each separate aperture 206. This ridge provides a barrier 
between neighboring reservoirs in the overall device and also functions to increase the 
effective volume of each reservoir in the resulting device. In addition, the apertures 206 in 

20 the cover layer are optionally provided with tapered walls 210, which are wider at the upper 
surface and narrower at the lower surface. The tapered walls allow the apertures to perform 
a funnel-like function, in the introduction of fluids into the ports of the microfluidic devices. 
Specifically, wider openings facilitate introduction of fluids into the reservoir. 

Also as shown, the lower planar surface 204 of the cover layer 200, has 

25 fabricated thereon, a series of raised ridges 212, which function as alignment structures to 
ensure the body structure of the microfluidic device 100 (from Figure 1), is properly aligned 
with the cover layer during the bonding or mating process. Although illustrated as ridges, it 
will be understood that a number of different alignment structures may be provided upon 
the lower planar surface for aligning the body structure of the device with the cover layer. 

30 For example, a recessed region, which is configured to fit the body structure may be used, 
whereby placement of the body structure into the recessed region positions the body 
structure to be appropriately aligned with the apertures in the cover layer. Alternatively, 
alignment pins may be provided extending from the lower surface, against which the body 
structure may rest, when appropriately aligned with the cover layer. 
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Also included on the lower surface 204 of the cover layer 200 are small high 
spots 214. These high spots, or bumps, maintain the body structure in a position slightly set 
off of the lower surface 204 when the body structure is mated with the cover layer. The 
small set off resulting from high spots 214 allows a bonding adhesive material to wick into 
5 the space between the body structure and the cover layer for attaching the body structure to 
the cover layer. 

As shown, the cover layer 200 includes side- walls 216, which extend from 
the lower planar surface 204, effectively creating a hollow-backed structure. This hollow- 
backed structure permits the mounting of a body structure of a microfluidic device to the 
10 lower surface of the cover layer without altering the overall profile of the cover layer, e.g., 
permitting the combined device-cover layer to be laid flat upon a surface or stacked with 
other like devices, as well as providing benefits in manufacturing, e.g., curing/hardening of 
molded parts, etc. 

In addition to providing alignment structures for mounting a body structure 

15 to the cover layer, as shown, the cover layer also includes additional alignment structures 
218 and 220. These alignment structures permit the appropriate alignment of the overall 
device into an appropriate base unit, such as a controller/detector instrument (not shown). 
In particular, alignment holes 218 provided disposed through the cover layer are 
complementary to alignment pins that are provided on a controller/detector instrument (not 

20 shown). By matching the pins of the controller/detector instrument with the holes on the 
overall device, one is assured of proper alignment of the device with the appropriate 
elements of the instrument, e.g., electrodes, optical detectors, thermal blocks, etc. In 
addition to alignment holes 218, the cover layer 200 also includes a beveled corner 220, 
which further ensures proper alignment of the device in the controller/detector instrument 

25 Again, a number of different types of alignment structures may be used to accomplish this 
same purpose, including irregular edges, e.g., beveled, tabbed, etc., alignment pins, non- 
uniform shapes and the like. 

As shown in Figure 2A, the cover layer also includes convenience features. 
For example, textured regions 222 are provided on side-walls 216, to provide gripping 

30 surfaces for manual handling of the cover layer and assembled device. Also provided is 
registry port 224 disposed through the cover layer. Different numbers, sizes and/or shapes 
of registry ports are optionally provided in the cover layer to register the type of 
microfluidic device that has been inserted in a controller/detector instrument This ensures 
that the proper interface is used, and/or the proper control program is being run. 
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Figure 3A illustrates the fully assembled microfluidic device 300 including 
the body structure 100 mated with the lower surface of the cover layer 200, and bonded 
using, e.g., an adhesive, as described above. The dimensions of planar devices, e.g., as 
shown in Figure 3 A, can vary substantially depending upon the application for which the 
5 device is to be used. Typically, however, the folly assembled devices have a rectangular 
shape and range from about 5 mm to about 200 mm on a side, and preferably are in the 
range of from about 10 mm to about 100 mm, and still more preferably, in the range of from 
about 20 mm to about 70 mm, e.g., about 50 mm on a side. For example, a square device 
approximately 50 mm on a side is shown. Such devices provide ease of handling as well as 

10 ready access to equipment already sized for handling substrates of this size, i.e., 
photographic slides. 

Figure 3B illustrates a clamping mechanism integrated into the cover layer of 
the device. In particular, as shown, the cover layer 200 (partially shown), includes on its 
bottom surface, clip tabs 310. These clips flex to allow insertion of the body structure 100, 

15 then snap into place to lock the body structure 100 in position against the cover layer 200 
with barbs 312. Gasket 314 provides a seal between the two structures, as well as providing 
the necessary flexibility to permit the clips to compressively clamp the body structure 
against the cover layer. The gasket 3 14 is optionally fabricated from a flexible material, 
such as latex, silicone, or the like, or a semi-rigid material, such as polytetrafluoroethylene 

20 (Teflon™), polypropylene, etc. 

Although illustrated as a planar cover layer attached to a planar body 
structure, it will be appreciated that an appropriate cover layer is optionally joined to a non- 
planar microfluidic system, e.g., a tubular capillary or the like. In such cases, apertures in 
the cover layer are again fabricated to align with the ports, e.g., inlets and outlets of the 

25 capillary channel. 

In addition to the above-noted advantages, e.g., isolation of reservoirs, 
increased reservoir volume, etc., the cover layers described for use in conjunction with the 
present invention also optionally include other useful features. For example, the shape of 
the aperture in the cover layer is optionally configured to receive a complementary structure 

30 on a filling apparatus, e.g., syringe or pump. Specifically, in some cases it is desirable to 
use a positive pressure source to assist in filling the channel networks of a microfluidic 
device with fluid. This is typically useful where the filling solution, e.g., running buffer, 
separation matrix, etc., is slower at wicking into the channel network via capillary action, 
due to viscosity effects. In operation, the running buffer, separation matrix, etc. is placed 
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into one reservoir of the microfluidic device. A positive pressure is then applied to that 
reservoir thereby forcing the fluid throughout the channel network. 

Application of the positive pressure is preferably carried out using an 
apparatus that sealably fits over the reservoir while not actually contacting the fluid 
5 contained therein. Examples of such devices, as well as appropriately configured apertures 
on the cover layer, are illustrated in Figure 2F. As shown, the filling device 250 includes a 
syringe 252 and a rigid tube 254, e.g., a needle. The rigid tube/needle is inserted through a 
rubber, e.g., silicone, latex, etc., ball stopper 256 that is selected to properly fit within the 
aperture 206 in the cover layer 200. The conical shape of aperture 206 permits the ball 

10 stopper 256 to be inserted into the aperture 206. Compression of the stopper against the 
walls of the aperture then creates a positive seal The rigid tube/needle 254 is further 
positioned within the ball stopper 256 so as to be able to apply pressure to the reservoir 106, 
without contacting the fluid within the reservoir 106. In particular, the tube is inserted 
through the stopper such that little or no tube length extends beyond the surface of the 

15 stopper, e.g., less than 2 mm, preferably less than 1 mm and more preferably less than 0.5 
mm of the tube extending beyond the surface of the stopper. 

Application of pressure by activation of syringe 252, then forces fluid within 
reservoir 106 into the channel network (not shown) of the device 100. Alternatively shaped 
stoppers 258 and 260 are also shown for use in the filling device. In the preferred stopper 

20 260, the ball portion 262 of the stopper inserts into the aperture, and compression of the ball 
portion provides a positive seal. The ball shape allows one to insert the filling device at an 
angle of up to approximately 15° from normal to the plane of the cover layer 200, without 
adversely effecting the sealing ability of the filling device. Alternatively, the ball can be 
inserted until the flat ledge 264 contacts the upper surface of the cover surrounding the 

25 aperture 106. This provides a secondary seal for the filling device, in addition to the ball 
stopper. Although illustrated as a syringe, it will be appreciated that virtually any source of 
pressure is suitable for use in the filling device, including external pumps, pipettors and the 
like. The stopper optionally includes a recessed region 266 at the top for receiving the 
syringe 252 or pump outlet. 

30 Additional functions are also optionally performed by the cover layer. For 

example, in some cases, it may be desirable to perform a separation function, e.g., a 
filtration, cell separation, molecular weight separation, affinity, charge-based or 
hydrophobic interaction type separations, on a sample that is to be introduced into the 
microfluidic device. Accordingly, an appropriate filtration or separation medium or 
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membrane is optionally provided within or across the aperture on the cover layer. When the 
cover layer is mated to the body structure of the device, introduction of a sample into the 
body structure requires passage through the filter or membrane, and separation of particulate 
components, high molecular weight materials, and the like. 
5 In further aspects, the cover layer performs a fluid handling and direction 

function, e.g, a manifolding function, where an aperture in the cover layer communicates 
with more than one reservoir on the body structure of the device, e.g., 2, 3, 4, 5, 10 or even 
20 different reservoirs. Such a system is particularly useful where a single sample is to be 
subject to multiple different analyses within the body structure of the microfluidic device, 
10 e.g., in diagnostic applications where a single patient sample may be subject to multiple 

diagnostic tests. A variety of other modifications will be apparent to one of ordinary skill in 
the art, and are generally encompassed by the present invention, as set forth in the appended 
claims. 

Alternatively, the cover layer may include other components useful in the 
15 operation of the microfluidic device and system, including e.g., integrated optical elements, 
e.g., lenses, gratings, coatings, polished detection windows, etc., as described in commonly 
owned U.S. Patent Application No. 09/030,535, entitled "Microfluidic Devices and Systems 
Incorporating Integrated Optical Elements," filed of even date (Attorney Docket No. 
100/03500), which is incorporated herein by reference, in its entirety for all purposes. Such 
20 elements supplement or replace optical elements from an external detection system. 

III. System Description 

As alluded to above, the microfluidic devices described herein, are generally 
operated in conjunction with a controller instrument. Typical controller instruments include 

25 material transport systems, for affecting material, e.g., fluid, movement within and among 
the channels and chambers of a microfluidic device. For example, in the case of 
microfluidic systems employing pressure based fluid flow or that incorporate pressure 
actuated micropumps and valves, the controller instrument typically includes pressure 
sources as well as appropriate manifolds for delivering the appropriate pressures to 

30 complementary ports on the microfluidic device. The instrument then applies 

pressure/vacuum to activate the pumps and valves, or directly to fluids, to move those fluids 
through the channels of the device in a controlled fashion. In the case of microfluidic 
systems employing electrokinetic material transport systems, the controller typically 
includes an electrical power supply that is capable of delivering voltage gradients across the 
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length of channels within the microfluidic device, as described above, when the device is 
mounted in the controller. Examples of particularly preferred power supplies are described 
in, e.g., Published International Application No. WO 98/00707, which is incorporated 
herein by reference in its entirety for all purposes. 
5 As such, the controller typically includes an appropriate interface for 

delivering the voltage gradients to the channels of the device. Such interfaces are generally 
described in detail in commonly owned U.S. Patent Application No. 08/919,707, filed 
October 9, 1997, and incorporated herein by reference for all purposes. In brie£ such 
interfaces typically include a number of electrodes, operably coupled to electrical leads 

1 0 from the power supply. The controller also typically includes a nesting region, e.g., a well 
or platform, upon which the microfluidic device is mounted. The electrodes are positioned 
so as to be placed into electrical contact with the channels of the device. In preferred 
aspects, this is accomplished by providing a "clam shell" lid hinged to the nesting region so 
as to close over the top of the device. The device, e.g., as shown in Figures 1-3, is mounted 

15 on the nesting region with the reservoirs facing upward. The electrodes protruding from the 
lower surface of the clam-shell lid then insert into the reservoirs on the upper surface of the 
microfluidic device when the clam-shell lid is closed, so as to be placed into electrical 
contact with fluids in those reservoirs. 

Environmental control elements are optionally included in the controller 

20 instrument, e.g., for maintaining the environmental conditions to which the microfluidic 
device is exposed, at optimal levels. For example, the controller optionally includes a 
thermal control element, e.g., a heating block, peltier device, etc. 

In addition to including control elements, in preferred aspects, the controller 
instrument also includes a detection system for detecting the results of an operation 

25 performed in the microfluidic device. As such, the instrument is also referred to as a 
controller/detector instrument. 

Examples of particularly preferred detection systems include fluorescent 
detection systems. Typically, these detection systems include a light source, such as a laser, 
laser diode, LED or high intensity lamp, within the controller/detector instrument The 

30 detection system also typically includes appropriate optics, e.g., lenses, beam splitters, 
filters, dichroics, and the like, for directing the light source at the detection window of a 
microfluidic device mounted on the controller/detector. The optics also gather emitted 
fluorescence emanating from the channel(s) of the device, separate out reflected excitation 
light, and detect the emitted fluorescence, e.g., using a photodiode or photomultiplier tube 
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(PMT). Other optical detection systems are optionally included within the 
controller/detector instrument, e.g., absorbance or colorimetric detection systems, and the 
like. Both fluorescence based and absorbance based detection systems are well known in 
the art. 

5 The controller/detector instrument is also typically interfaced with an 

appropriate processor, e.g., an appropriately programmed computer, which instructs the 
operation of the material transport system, e.g., applied voltages, timing, etc. The processor 
also typically is operably linked to the detection system of the controller/detector 
instrument, so that the computer can receive, store and manipulate the data collected from 

10 the detection system. 

In general, the invention provides for the use of the microfluidic devices and 
systems herein, for example, for fluid movement within the device or for practicing an assay 
with the device, e.g., as set forth above. Use of the various components of the devices and 
systems set forth herein to make the devices and systems of the invention are also provided. 

IS All publications and patent applications are herein incorporated by reference 

to the same extent as if each individual publication or patent application was specifically 
and individually indicated to be incorporated by reference. Although the present invention 
has been described in some detail by way of illustration and example for purposes of clarity 
and understanding, it will be apparent that certain changes and modifications may be 

20 practiced within the scope of the appended claims. 
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WHAT IS CLAIMED IS : 

1 . A micro fluidic device, comprising: 

a body structure comprising at least a first microscale channel network 
5 disposed therein, the body structure having a plurality of ports disposed in the body 
structure, each port being in fluid communication with one or more channels in the first 
channel network; and 

a cover layer comprising a plurality of apertures disposed through the cover 
layer, the cover layer being mated with the body structure whereby each of the apertures is 
10 aligned with at least one of the plurality of ports. 

2. The microfluidic device of claim 1 , wherein each of the body structure and 
the cover layer separately comprises at least a first surface, the plurality of ports being 
disposed in the first surface of the body structure, and the plurality of apertures being 

1 5 disposed in the first surface of the cover layer, the first surface of the cover layer being 
mated to the first surface of the body structure such that the apertures align with and are in 
fluid communication with the ports. 

3. The microfluidic device of claim 1 , wherein the first surface of the body 
20 structure and the first surface of the cover layer are planar. 

4. The microfluidic device of claim 1 , wherein the cover layer further 
comprises: 

a second surface opposite the first surface, the apertures extending from the 
25 first surface to the second surface; and 

a plurality of raised annular ridges disposed on the second surface, the ridges 
surrounding each of the apertures. 

5. The microfluidic device of claim 4, wherein the ridges are raised at least 0.5 
30 mm relative to the second surface of the cover layer. 

6. The microfluidic device of claim 4, wherein the ridges are raised at least 1 
mm relative to the second surface of the cover layer. 
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7. The micro fluidic device of claim 4, Wherein the ridges are raised at least 2 
mm relative to the second surface of the cover layer. 

8. The microfluidic device of claim 1, wherein the apertures are at least 1 mm 

5 deep. 

9. The microfluidic device of claim 1, wherein the apertures are at least 2 mm 

deep. 

10 10. The microfluidic device of claim 1, wherein the apertures are at least 5 mm 

deep. 

1 1 . The microfluidic device of claim 4, wherein the second surface of the cover 
layer comprises a hydrophobic polymer. 

15 

12. The microfluidic device of claim 1 1 , wherein the hydrophobic polymer 
comprises polytetrafluoroethylene. 

1 3 . The microfluidic device of claim 1 , wherein alignment of the apertures with 
20 the wells results in a plurality of reservoirs, each of the reservoirs having a volume of at 

least 10 \il 

14. The microfluidic device of claim 1, wherein alignment of the apertures with 
the wells results in a plurality of reservoirs, each of the reservoirs having a volume of at 

25 least 20^1. 

15. The microfluidic device of claim l t wherein alignment of the apertures with 
the wells results in a plurality of reservoirs, each of the reservoirs having a volume of at 
least 50 \il 

30 

16. The microfluidic device of claim 1 , wherein alignment of the apertures with 
the wells results in a plurality of reservoirs, each of the reservoirs having a volume of at 
least 100 \il 
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1 7. The microfluidic device of claim 1 , wherein alignment of the apertures with 
the wells results in a plurality of reservoirs, each of the reservoirs having a volume of 
between about 5 and about 200 [il. 

5 

1 8. The microfluidic device of claim 1 , wherein alignment of the apertures with 
the wells results in a plurality of reservoirs, each of the reservoirs having a volume of 
between about 10 and about 100 \xL 

10 19. The microfluidic device of claim 1, wherein the cover layer is bonded to the 

first surface of the body structure with an adhesive. 

20. The microfluidic device of claim 19, wherein the adhesive is a UV curable 
adhesive. 

15 

21 . The microfluidic device of claim 1, wherein the cover layer is clamped to the 
first surface of the body structure. 

22. The microfluidic device of claim 21, further comprising a gasket disposed 
20 between the cover layer and the first surface of the body structure. 

23. The microfluidic device of claim 1, wherein the cover layer further 
comprises at least a first alignment structure for aligning the body structure on the first 
surface of the cover layer. 

25 

24. The microfluidic device of claim 23, wherein the first alignment structure 
comprises one or more raised ridges disposed around a perimeter of the plurality of 
apertures. 

30 25. The microfluidic device of claim 23, wherein the first alignment structure 

comprises a recessed portion of the first surface of the cover layer. 

26. The microfluidic device of claim 23, wherein the first alignment structure 
comprises a plurality of alignment pins extending from the first surface of the cover layer. 
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27. The micro fluidic device of claim 23, wherein the cover layer comprises at 
least a second alignment structure complementary to an alignment structure on a 
controller/detector apparatus, to align the microfluidic device in the controller/detector 

5 apparatus. 

28. The microfluidic device of claim 27, wherein the second alignment structure 
comprises one or more alignment holes, and the complementary alignment structure 
comprises one or more alignment pins. 

10 

29. The microfluidic device of claim 27, wherein the second alignment structure 
comprises an irregular edge of the cover layer. 

30. The microfluidic device of claim 27, wherein the irregular edge comprises a 
1 5 beveled corner of the cover layer. 

3 1 . The microfluidic device of claim 1 , wherein the apertures are disposed in the 
cover layer in a grid pattern on approximately 9 mm centers. 

20 32. The microfluidic device of claim 1 , wherein the apertures are disposed in the 

cover layer in a grid pattern on approximately 4.5 mm centers. 

33. The microfluidic device of claim 1 , wherein the cover layer is fabricated 
from a polymeric material. 

25 

34. The microfluidic device of claim 33, wherein the cover layer is an injection 
molded polymeric part. 

35. The microfluidic device of claim 33, wherein the cover layer is a cast 
30 polymer part. 

36. The microfluidic device of claim 1 , wherein the body structure comprises: 
a first planar substrate having at least a first surface, at least a first groove 

fabricated into the first surface of the first substrate; and 
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a second planar substrate overlaying and bonded to the first planar substrate, 
sealing the groove to form the at least first channel network, the second planar substrate 
including a plurality of ports disposed therethrough, the ports communicating with the at 
least first channel network. 

5 

37. The micro fluidic device of claim 36, wherein the first and second planar 
substrates comprise silica based substrates. 

38. The microfluidic device of claim 37, wherein the silica based substrate is 

10 glass. 

39. The microfluidic device of claim 36, wherein the first and second substrates 
comprise polymeric substrates. 

1 5 40. The microfluidic device of claim 39, wherein the polymeric substrate is 

selected from polymethylmethacrylate (PMMA), polycarbonate, polytetrafluoroethylene, 
polyvinylchloride (PVC), polydimethylsiloxane (PDMS), polysulfone, polystyrene, 
polymethylpentene, polypropylene, polyethylene, polyvinylidine fluoride and ABS. 

20 41. The microfluidic device of claim 1 , wherein the microfluidic device/cover 

layer comprises a rectangle measuring approximately 50 mm on at least one edge. 

42. The microfluidic device of claim 41, wherein the microfluidic device 
comprises a square shape measuring approximately 50 mm X 50 mm. 

25 

43 . A microfluidic device, comprising: 

a body structure comprising at least a first channel network disposed therein, 
and a plurality of reservoirs disposed at and in fluid communication with different points of 
the channel network; 

30 a cover layer comprising a plurality of apertures disposed therethrough each 

aperture forming at least a portion of a separate one of the plurality of reservoirs, wherein 
the cover layer further comprises a plurality of raised ridges extending from and 
surrounding an outer edge of each of the apertures. 
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44. A microfluidic system, comprising: 
a microfluidic device of claim 1; and 

a controller/detector apparatus configured to receive the microfluidic device, 
the controller/detector apparatus comprising an optical detection system and a material 
5 transport system, the detection system and transport system being operably interfaced with 
the microfluidic device. 
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Fig. 2F 
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Fig. 3A 
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